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Abstract
The compaction of agricultural soils is a serious problem in agriculture due to its negative effects on soil and
plants being related also with land degradation. Because of soil tillage and agricultural traffic the applied stresses are
transmitted into the soil at a certain depth and may change physical, chemical and biological properties of soils. This
paper analyses the following main topics: requirements regarding the optimum soil status for plants growth related with
physical and mechanical properties of soil, analysis of soil compaction from mechanical point of view, evaluation of
soil compaction state related with rolling systems used by agricultural machines.
Keywords: soil compaction, soil-tire interaction, agricultural traffic.
1. Introduction
Soil compaction is a form of soil physical
degradation and it is the process in which the soil
density is increasing by reduction of distance
between soil particles, which leads to reduction of
air filled porosity, permeability and the soil structure
is destroyed.
Also, when the soil compaction occurs the
soil biological activity and soil productivity are
reduced [7, 11], but also the fuel consumption [9]
and the required traction forces that occurs during
soil tillage are higher [8].
In conventional tillage and traffic practices
about 90% of the field area is subjected to 4-5 wheel
passes.
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This should be combined with very high gross
vehicle weights of larger agricultural implements
(often 100 to 200 kN until gross vehicle weight at
about 600 kN), sugar beet harvesters like and self-
propelled slurry tankers [6].
The great concern is using heavy agricultural
machines on wet soils because the soil porosity and
density extend deeper into the subsoil with
increasing vehicle axle loads and with increasing
soil moisture content, at a certain contact pressure,
especially for crops like silage maize, potatoes and
sugar beet [11].
Compaction of soil is typically divided into
two types:
 tillage induced compaction - caused by
primary tillage and by excessive secondary tillage
(the major compaction problem is associated with
conventional ploughing when the rear and the front
wheel of the tractor runs in the open furrow, which
is an issue that can be avoided e.g. by using no-till
technology [12]);
 traffic induced compaction - caused by
wheel traffic related with tillage, crop protection,
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harvesting etc. The traffic effect on soil compaction
mainly depends on traffic intensity, applied load,
rolling body (wheels, tracks, rollers).
The most important conclusion related with
area of degradation attributable to soil compaction
(over 33 millions ha in Europe and increasing) was
reached by the European working group on soil
compaction [11]:
“Recent research showed that compaction is
the most widespread kind of soil degradation in
Central and Eastern Europe”.
2. Requirements Regarding the Optimum Soil
Status for Plants Growth Related with Physical
and Mechanical Properties of Soil
It was showed that for optimum crop growth,
between quantity of water and air, it is necessary to
be a ratio by 2/3 water and 1/3 air. Ideally from total
soil volume, solid part should be half and the rest
should be filled with water and air [3, 4, 5].
During many years researchers tried to find
out the most important parameters in order to
quantify the soil compaction and its relation with
plant growth.
In present days the most used parameters are:
bulk density, total porosity, air filled porosity,
compaction degree, cone index, permeability, pre-
compression stress.
The soil bulk density is defined as ratio
between soil mass and total soil volume. The ideal
value of soil bulk density depends mainly by soil
texture (also depending on plant) and ranges
between 1 g/cm3 and maximum 1.5 g/cm3 [2].
The soil total porosity is defined as being
the total volumes of pores in percent from total soil
volume. The ideal value of soil bulk density
depends mainly by soil texture and ranges between
minimum 39% v/v and about 60% v/v [2].
The soil cone index is a complex property
measured with different types of penetrometers. The
value of soil cone index should be maximum 10
MPa, the ideal values being influenced by the
physical properties of the soil and by the crop.
The compaction degree index is defined in
various ways by several researchers [2, 4, 5]. The
“soil compaction index” defined in [5] takes into
account the effect of soil bulk density by a
parameter CCci and the effect of soil cone index by
parameter CCbd (fig.1, 2).
The precompression stress is “regarded as
the stress where the soil deformation changes from
small, elastic and reversible to plastic and therefore
irreversible” [1] and it is very closed related with
soil humidity, stresses that occurs in natural
processes, organic matter content etc.
From this point of view and in order to avoid
soil compaction, the applied stress due to
agricultural traffic must not exceed the
precompression stress.
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3. Analysis of Soil Compaction from Mechanical
Point of View
If the soil is subjected to external loads in
each point in the soil it will appear stresses that can
have the following effects on loaded soil: soil
particle or aggregates movement, together or each
one; destruction of soil aggregates or soil particles;
water elimination from soil pores, phenomenon
which depends on soil permeability, being possible
that for a short time acting force and for low
permeability, the water can’t be eliminated from soil
pores; compression of air bubbles from soil pores;
deformation of water particles from contact points
of granular clay particles.
The role of each of these effects in a more
general deformation process depends on base
characteristics of the soils analysed: granulozity,
particles shape, structure, humidity etc. If stresses in
the soil layer are higher than connection forces that
are between soil particles or soil aggregates it’s
possible to see that these will move in a new
position that is more stable. Destruction of soil
aggregates will occur in the moment which effective
stresses are higher than the strength of these ones.
Fig.5 Influence of internal soil stress state on soil particles [10]
Taking into account these main points we ca
conclude that in a certain point A in a soil we’ll
have a stress state which can be fully described by
the following matrix (fig.6):
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where:
σx, σy, σz are normal stresses;
τxy, τyx, τzy, τyz, τxz, τzx - shear stresses.
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Because of these stresses the soil particles
will be deformed and moved, so in a same point A
in a soil will have a strain state, which can be also
defined by a matrix (fig.7.) named strain tensor
which includes a complete description of the local
soil deformation. This matrix has three normal strain
components along axles Ox, Oy, Oz and also six
shear strain components defined for three plaines
xOy,  zOy and zOx.
Taking into account the above observations,
this paper will be focused on determination of stress
state and of plastic state in a soil because of the
external applied loads in general, but in special
because of the wheel loads acting on an agricultural
soil at a passing agricultural machines by taking into
account parameters like tyre inflation pressure,
contact area size and loads magnitude. In order to do
this we’ll use an analitical approach based on
Boussinesq’s theory modified by Fröhlich and
Söhne, who defined their approaches by including
elasto-plastic properties of the soil by introduction
of concentration factor, which ranges between 3 and
5, depending on soil type (higher for soft soils).
Because always strains magnitude depend on
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where: f defines soil properties;
t – time of the loading process.
In order to calculate vertical stresses in a
point A from a loaded soil by a passing tyre, Söhne
developed a summation procedure, which take into
consideration the fact that the between tyre and soil
it is a contact area, so for this area we’ll have many
point loads acting on a soil surface. He applied the a
so called effects overlapping principle (fig.8):
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Fig.6 Stress state from a point A in soil
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Using Boussinesq’s theory modified by Fröhlich and
Söhne, it is possible to:
 compute principal stresses, normal stresses and shear
stresses;
 compute total displacements;
 compute soil bulk density
Fig.9 Semi-infinite solid mass subjected to point loads
a-3D stress state; b-plain stress state (polar coordinates)
4. Evaluation of Soil Compaction State Related
with Rolling Systems Used by Agricultural
Machines
From our calculations (fig.10) we can see that
the tyre inflation pressure is more important factor
in induced vertical stresses than the loads
magnitude. Another thing is that we get it in our
calculations is that at a certain combination between
loads and tyre inflation pressures and at a certain
depth to have a intersection between the stresses
curves in a way that we’ll higher vertical stresses for
higher loads and at a top layer, the things are just in
opposite situation, for high loads-low stresses
because of the size of the contact area. Also from
the calculations made with the model we can
conclude that the best way to reduce deep
compaction is to reduce first the tyre inflation
pressure and to choose the proper load magnitude.
From the graphs above the most favourable
combination between these two exploitation
parameters is 64 kN for load and 100 kPa for tyre
inflation pressure (or lower if it’s possible from
manufacturer point of view).
From the calculated graphs it’s possible to
choose the best combination between load and
contact area size in order to get the lowest stresses at
depths below 0.2-0.3 m. This is very important
because from practice it is known, the model
showed the same, that higher loads means higher
stresses in subsoil, even when the contact area size
is large.
It was possible to show that stresses are
induced to higher depths, until 1 m, depending on
loads magnitude, but also and more important with
the magnitude of the pressure in the contact area
between the tyre and the soil.
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5. Conclusions
From mechanical point of view soil
compaction can be defined as being the change in
soil mass per unit volume under external applied
forces.
The cause of this phenomenon consists in the
displacement of soil particles with the respect of six
degrees of freedom.
In a modern agriculture it’s important to
predict soil compaction risk moments being possible
for the farmers to choose to till or traffic the soil
when it is not in a highly compactable state or it’s
very important to estimate the damage being done to
the soil structure by the agricultural traffic, so it is
useful to develop analytical or numerical models
that can be used not only to predict soil compaction
risk moments, but also to find the most relevant
traffic or agricultural aggregates parameters that
have influence on soil compaction.
Using the suggested analytical model, based
on Boussinesq’s theory, it was possible to find
several solutions to reduce soil compaction by
agricultural traffic (fig.11).
Fig.10 Calculated vertical stresses distribution at different tyre inflation pressures
and loads,
in the center of the contact area (uniformily distributed load)
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